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a b s t r a c t
Development and plasticity of synapses are brought about by a complex interplay between various
signaling pathways. Typically, either changing the number of synapses or strengthening an existing
synapse can lead to changes during synaptic plasticity. Altering the machinery that governs the
exocytosis of synaptic vesicles, which primarily fuse at specialized structures known as active zones
on the presynaptic terminal, brings about these changes. Although signaling pathways that regulate the
synaptic plasticity from the postsynaptic compartments are well deﬁned, the pathways that control these
changes presynaptically are poorly described. In a genetic screen for synapse development in Drosophila,
we found that mutations in CK2α lead to an increase in the levels of Bruchpilot (BRP), a scaffolding
protein associated with the active zones. Using a combination of genetic and biochemical approaches, we
found that the increase in BRP in CK2α mutants is largely due to an increase in the transcription of BRP.
Interestingly, the transcripts of other active zone proteins that are important for function of active zones
were also increased, while the transcripts from some other synaptic proteins were unchanged. Thus, our
data suggest that CK2α might be important in regulating synaptic plasticity by modulating the
transcription of BRP. Hence, we propose that CK2α is a novel regulator of the active zone protein, BRP,
in Drosophila.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Synapses are the fundamental units of communication between
neurons and their targets. Transcription is one of the several ways
in which the synapses can be regulated (Kandel, 2001). Indeed,
transcription factors, like cAMP response element binding protein
(CREB) and AP1 play an important role during the developmental
plasticity emphasizing the importance of transcription in the
regulation of synapses (Davis et al., 1996; Sanyal et al., 2003). Work
done at the ﬂy neuromuscular junction (NMJ) synapses suggest that
important signaling pathways, like BMP, can regulate the growth of
synapses via transcription of their downstream targets (Baines,
2004; Ball et al., 2010; Haghighi et al., 2003; Marques et al., 2003).
Thus, transcription plays an important role in regulating the growth
and plasticity of synapses.
Several structural as well as functional changes occur at the
synapses during synaptic plasticity (Bailey et al., 1996; Caroni
et al., 2012; DeZazzo et al., 2000). Both presynaptic and post-
synaptic cells contribute to this process (Duguid and Sjostrom,
2006; Glanzman, 2010; McGee and Bredt, 2003). Although
changes in postsynaptic transcription during synaptic plasticity
are well documented (Cole et al., 1989; Davis et al., 1996; Pan,
2012; Steiger et al., 2004; West and Greenberg, 2011), the role of
presynaptic transcription is relatively less well studied (Guo et al.,
2010; Petersohn et al., 1995; Thakker-Varia et al., 2001). Moreover,
the role of transcription in regulating presynaptic density (active
zone) proteins is not known (Powell, 2006; Sigrist and Schmitz,
2011). Active zones are the protein-rich regions of neurons, which
are required for the release of neurotransmitters. Although
diverse, active zones contain two main structural features:
(1) the electron-dense membranes (pre- and postsynaptic) that
are tightly apposed each other and (2) the dense bars, which are
projections of various shapes and sizes that are associated with the
electron-dense membranes (Sigrist and Schmitz, 2011; Sudhof,
2012; Zhai and Bellen, 2004). Since active zones are important in
the communication between the neurons, it is likely that any
structural or functional changes at the synapse will involve the
proteins associated with the active zones.
Drosophila NMJ has proved to be an excellent system to study
the development, and plasticity of synapses, including transcrip-
tion regulation (Collins and DiAntonio, 2007; Keshishian et al.,
1996; Sanyal et al., 2003). Efforts in identifying the mechanisms of
synaptic growth and plasticity in Drosophila have led to the
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identiﬁcation of several transcription factors that are important for
activity dependent synaptic changes (Davis et al., 1996; Freeman
et al., 2011; Sanyal et al., 2003). However, their role in the
regulation of transcription of proteins associated with the active
zones is not known.
Protein kinase CK2 (previously known as Casein Kinase 2) is a
serine threonine kinase, involved in the control of a variety of
cellular processes, including transcription, translation, cell meta-
bolism and motility [for reviews, see (Ahmed, 1994; Allende and
Allende, 1995; Issinger, 1993; Litchﬁeld and Luscher, 1993; Pinna,
1990; Pyerin, 1994; Tuazon and Traugh, 1991)]. CK2 is known to be
enriched in the brain (Singh and Huang, 1985), and its levels have
been shown to change during the induction of plasticity in
hippocampal slices (Charriaut-Marlangue et al., 1991), suggesting
a role in the transcription regulation of proteins involved in
synaptic plasticity. Although a postsynaptic role for CK2 in
synaptic plasticity has been suggested (Kimura and Matsuki,
2008; Sanz-Clemente et al., 2010), its role in transcriptional
regulation of proteins that are associated with the active zones is
not known.
In a forward genetic screen in Drosophila to identify molecules
important for synapse development and function, we found that
presynaptic loss of CK2α leads to an increase in the levels of
Bruchpilot (BRP), a structural component of presynaptic active
zones (Sigrist and Schmitz, 2011; Wagh et al., 2006). We show that
the increase in BRP levels is as a result of increased transcription of
brp. Interestingly, transcripts of other synaptic proteins associated
with the active zones like Dliprin-α (Kaufmann et al., 2002;
Wyszynski et al., 2002) and calcium channel subunit protein
Cacophony (Cac) (Kawasaki et al., 2000; Smith et al., 1996) were
also signiﬁcantly increased. However, transcripts of other synaptic
proteins, like the vesicle-associated protein, vesicular glutamate
transporter (DVGLUT) (Bellocchio et al., 2000; Daniels et al., 2004;
Fremeau et al., 2002; Takamori et al., 2000), were unaltered,
suggesting that CK2α might regulate the levels of proteins that
are integral components of the active zones. Together, our data
support the model that CK2α might regulate the levels of BRP in
the neurons by regulating its transcription.
Results
Mutations in CK2α lead to the accumulation of BRP in axons
To identify proteins that are important for the development
of neuromuscular junction (NMJ) synapses in Drosophila we
performed a screen similar to the one performed earlier (Graf
et al., 2009; Wairkar et al., 2009) using a collection of P-element
insertion lines on the third chromosome (Bellen et al., 2004).
Homozygous third instar larvae were dissected and stained for the
active zone protein, Bruchpilot (BRP) (Wagh et al., 2006), post-
synaptic glutamate receptor (DGluRIII) (Marrus et al., 2004) and
the neuronal membrane marker HRP. Although this screen was
primarily undertaken to identify mutations that cause a change in
the synapse growth, it can also identify the genes that may affect
axonal transport. One such homozygous P-element insertion line
(MB00477) showed an increase in the intensity of BRP in the
segmental nerves of motoneurons as compared to the wild type
controls (Fig. 1A). To quantify this phenotype we measured the
average intensity of BRP in the axons passing over segments A2–
A4 (Fig. 1B). The average intensity would measure both the
increase in the intensity of individual BRP puncta as well as
the increase in the abundance (number of BRP puncta) of BRP in
the axons. We found that there was a signiﬁcant increase in the
average BRP intensity (po0.001; n410) in the axons of the
P-element insertion line (Fig. 1). The increase in the average
intensity of BRP was not due to an increase in the intensity of
individual BRP puncta (see below) and hence, represents the
relative abundance of BRP puncta in the axons. The P-element
MB00477 (hereafter called CK2αMB) is inserted in the second intron
of the gene CK2α (that encodes for the alpha subunit of protein
kinase CK2). CK2 is a relatively well-studied gene in many
organisms, and is known to have many targets with functions
ranging from cell signaling to metabolism (Issinger, 1993; Meggio
and Pinna, 2003; Montenarh, 2010). However, its role in regulating
axon transport is less understood (Mannowetz et al., 2010; Pigino
et al., 2009).
Since the P-element was inserted in the intron of CK2α gene, it
might reduce the levels of CK2α transcription. To conﬁrm this
possibility, we performed a semi-quantitative RT-PCR on the
homozygous CK2αMB larvae, and compared them to the wild type
control larvae. We found an 5-fold reduction in the CK2α
transcript in CK2αMB larvae (Supplemental Fig. 1) as compared to
the wild type control, indicating that CK2αMB is a hypomorph of
CK2α.
To conﬁrm that CK2α was responsible for the accumulation of
BRP in axons, we performed a series of genetic tests. First, we took
advantage of another known allele of Ck2α:CK2αtik (Lin et al.,
2002), which has point mutations that render it catalytically
inactive. Indeed, we observed an increase in the intensity of BRP
in the axons of CK2αtik mutant, similar to the CK2αMB mutants
(Fig. 1A and B), suggesting that the catalytic function of CK2α may
be required for its function in regulating the levels of the BRP in
axons. Next, we analyzed a transheterozygote of CK2αMB and
CK2αtik and found that the transheterozygotes also had BRP
accumulations in the axons that were nearly identical to those
observed in either of the homozygotes alone (Fig. 1C and D). These
data indicate that loss of CK2α leads to the accumulation of BRP
in axons.
Next, we sought to understand where CK2α might function to
regulate the BRP levels in the axons. To test this, we ﬁrst expressed
an RNAi against CK2α (Bose et al., 2006; Ni et al., 2008) in the
neurons [using Elav-Gal4 (Yao and White, 1994)], muscles [using
G7 gal4 (Zhang et al., 2001)] and glia [using repo-Gal4 (Sepp et al.,
2001)]. We veriﬁed that this RNAi, when driven presynaptically
using Elav-Gal4, signiﬁcantly reduces CK2α transcript levels (data
not shown). Indeed, CK2αRNAi when expressed in neurons showed
an increase in the intensity of BRP in axons (Supplemental Fig.
2A and B), similar to those of Ck2αMB mutants. However, muscle or
glial driven expression of the same RNAi showed normal intensity
of the BRP in axons (Supplemental Fig. 2C–F), suggesting a
presynaptic role for CK2α in regulating the levels of BRP in axons.
Furthermore, neuronal expression of CK2α restored the levels of
BRP in the axons of CK2αMB/CK2αtik transheterozygotes to the wild
type control levels (Fig. 1C and D), demonstrating that CK2α acts in
the neurons to regulate the levels of the BRP in axons.
Finally, CK2 functions as a heterotetramer, where two mole-
cules of the catalytic subunit CK2α and two molecules of the
regulatory subunit CK2β form a complex (Dahmus and Natzle,
1977; Pyerin et al., 1987). However, independent roles for both
CK2α and CK2β have also been reported (Bibby and Litchﬁeld,
2005). If CK2α and β were to function together to regulate the BRP
levels in axons, then we expect to see accumulation of BRP in the
axons of CK2β mutant ﬂies as well. To test this, we stained and
measured the intensity of BRP in the axons of CK2β mutant larvae
[CK2βmbuΔA262L (Jauch et al., 2006)], and found that the average
BRP intensity in the axons of these mutants (Fig. 2A and B) was
signiﬁcantly increased in the CK2β mutant. Furthermore, some of
the RNAi lines that have been shown to knock down CK2β
(Jia et al., 2010) also showed accumulations of BRP when
expressed in the neurons (Supplemental Fig. 2G and H and data
not shown). This suggests the possibility that CK2α and β might
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function together to regulate the normal levels of BRP in the axons.
However, we cannot rule out the possibility that they may regulate
the levels of BRP in axons independent of each other. Taken
together, our data suggests that presynaptic CK2α is required for
the regulation of normal levels of BRP in the axons.
CK2α mutants show a preferential increase of BRP in the axons
Accumulation of synaptic material in axons is consistent with
the disruption of axonal transport, an active mechanism to trans-
port cargo between the synapse and the cell body (Duncan and
Goldstein, 2006; Goldstein et al., 2008). Therefore, we wondered if
the BRP accumulations in the CK2α mutant are due to the
disruption in axonal transport. If general axonal transport was
disrupted in these mutants, we expected to observe accumulations
of other synaptic components in addition to BRP that are actively
transported in the axons. Such defects have been demonstrated for
proteins that are essential for general transport of many cargoes
transiting the axons for example, kinesin heavy chain mutants
(Brady et al., 1990; Hurd and Saxton, 1996; Stowers et al., 2002).
To test this possibility, we ﬁrst stained the CK2αMB mutant
larvae with a marker for synaptic vesicles: vesicular glutamate
Fig. 2. CK2β mutant also displays an accumulation of BRP in the axons. (A) Representative images of axons of larvae from wild type (Control) and CK2βmbuΔ26-2L stained for
BRP (red) and HRP (blue). (B) Bar graph showing the quantitation of BRP puncta in the two genotypes. Error bars represent S.E.M. n420 **¼po0.01.
Fig. 1. Ck2α is required in neurons to maintain the normal levels of BRP in the axons. (A) Representative images of segmental nerves for WT Control, CK2αMB and CK2αtik
larvae. Left panel shows BRP and the right panel shows overlay of HRP in blue and BRP in red. (B) Bar graph shows average ﬂuorescence intensity in different genotypes,
n420, **¼po0.01. (C) Representative images of segmental nerves from the wild type (Control), CK2αMB/CK2αtik, and rescue (rescueneuron¼elav-Gal4/UAS-CK2α; CK2αMB/
CK2αtik). Left panel shows BRP and the right panel shows the merge of HRP in blue and BRP in red. (D) Bar graph shows average ﬂuorescence intensity of BRP in different
genotypes, n420, **¼po0.01. Error bars on the graph represent the S.E.M. Scale bar¼5 μm.
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transporter (Bellocchio et al., 2000; Fremeau et al., 2002; Takamori
et al., 2000), DVGLUT (Daniels et al., 2004). Surprisingly, the stai-
ning of DVGLUT in the axons of the CK2αMB mutants was indis-
tinguishable from that of the wild type controls (Fig. 3A and B),
suggesting that axonal transport of synaptic vesicles was unaf-
fected in these mutants. Similar results were obtained for CK2αMB/
CK2αtik transheterozygous larvae and the larvae expressing
CK2αRNAi in the neurons (data not shown). Since the transport of
synaptic vesicles was not affected, we wondered if other organel-
lar transports were perturbed. To test this possibility, we
expressed mito-GFP [a marker for mitochondria (Pilling et al.,
2006; Rizzuto et al., 1995)] speciﬁcally in the neurons of the wild
type control and CK2αMB mutant larvae. Again, we did not see any
signiﬁcant difference in the levels of mito-GFP in these mutants
compared to the wild type (Fig. 3A and B), suggesting that
mitochondrial transport was also unaffected in CK2αMB mutants.
Similar results were obtained with the CK2αMB/CK2αtik transheter-
ozygotes (data not shown). The vesicles that might speciﬁcally
transport active zone proteins have not been characterized in
Drosophila, and some components of the transport vesicles that
are speciﬁcally required to transport these proteins in vertebrates
do not have a homolog in Drosophila (Zhai et al., 2001). However, it
is possible that the observed transport defect is speciﬁc for the
active zone proteins since we only ﬁnd accumulation of BRP in
axons. We, therefore, expressed a GFP-tagged Dliprin-α (Fouquet
et al., 2009), an active zone protein (Kaufmann et al., 2002;
Wyszynski et al., 2002) in the neurons of wild type controls and
CK2αMB mutant larvae and found that there was no signiﬁcant
difference in the levels of Dliprin-αGFP in the axons of CK2αMB
mutants as compared to wild type controls (Fig. 3A and B). Similar
results were obtained for CK2αMB/CK2αtik transheterozygous lar-
vae (data not shown). Thus, so far from the markers that we tested,
the results indicate that only BRP accumulates in the axons in
these mutants while other proteins and organelles show normal
distribution and levels in the axons.
Recent studies have demonstrated that there are processes
regulated by the serine–arginine protein kinase (SR kinase) that
are required to keep BRP molecules separate during their transport
to the synapses. Mutations in SR kinase lead to speciﬁc and
aberrant aggregation of BRP in the axons, which results in the
formation of T-bars in the axons (Johnson et al., 2009;
Nieratschker et al., 2009). Since CK2α mutants show a preferential
increase in BRP levels, we wondered whether CK2αmutants might
lead to the formation of abnormal aggregates similar to those
found in the mutants of SR kinase (Johnson et al., 2009;
Nieratschker et al., 2009). To test this, we measured the BRP
puncta intensity in the axons from the wild type controls, CK2αMB
and the SR kinase mutant (srpk79Datc), because the BRP puncta
intensity in srpk79Datc is dramatically increased (Johnson et al.,
2009). Consistent with this study, we found a signiﬁcant increase
in the average BRP puncta intensity in the srpk79Datc mutant as
compared to the wild type controls (n420; po0.001) whereas
the average BRP puncta intensity in the CK2αMB mutant axons was
similar to that of the wild type controls (n420; p¼0.5). This
suggests that the accumulations of BRP in the axons of CK2α
mutants are unlikely to form abnormal T-bars in the axons like
they do in the SR kinase mutants (Johnson et al., 2009;
Nieratschker et al., 2009). This conclusion is also supported by
our data that transheterozygotes of srpk79Datc and CK2αMB show
many puncta with increased intensity in addition to an increase in
the total intensity of BRP in axons (Fig. 4A and C). In contrast, the
SR kinase mutants only have an increase in the intensity of BRP
puncta but there is no change in the overall levels of BRP (Johnson
et al., 2009). These data indicate that SR kinase and CK2α likely
function in different genetic pathways.
Role of Ck2α in regulating the transcription of BRP
Many mutations that affect the anterograde axonal transport
have accumulations of proteins in their cell bodies and/or axons
and reduced levels at the synapses (Barkus et al., 2008; Duncan
and Goldstein, 2006; Hurd and Saxton, 1996). Presumably, since
BRP is largely transported anterogradely, a disruption in its
transport should result in reduced levels of BRP at the synapses.
Therefore, to test if axonal transport of BRP was affected in the
CK2αmutants, we compared the BRP levels at the NMJs of the wild
type controls and the CK2αMB larvae. We found that the average
BRP intensity, number of BRP puncta, and the number of synaptic
boutons per NMJ on muscle 4 were comparable to that in the wild
type controls (Fig. 5A–C, and E). In addition, CK2β mutant
(CK2βmbuΔA262L) also did not show an alteration of BRP levels at
the NMJs (data not shown), indicating the possibility that axon
transport of BRP might not be the primary reason for the
accumulation of BRP in the CK2α mutant axons.
Next, we analyzed the ventral nerve cords (VNCs) to test
whether the neurons had more BRP protein in CK2αMB mutant as
compared to the wild type controls. Indeed, there was about a
50% increase in the intensity of BRP in CK2αMB VNCs as compared
Fig. 3. CK2α mutants show a preferential accumulation of BRP in the axons. (A) Representative images of axons from wild type (WT) control and CK2αMB mutant larvae. WT
control and CK2αMB nerves labeled with DVGLUT antibody (green) (top panels); anti-GFP antibody (green), which stains the mitochondria (WT control¼Elav-Gal4/UAS-Mito-
GFP; CK2αMB¼Elav-Gal4/UAS-Mito-GFP; ck2αMB) (middle); and anti-GFP antibody (green), which stains Dliprinα ((WT) control¼Elav-Gal4/UAS-Dliprin-αGFP; CK2αMB¼Elav-
Gal4/ UAS-Dliprin-αGFP; ck2αMB) (bottom). Merged panel on the right (in each case) shows HRP (blue) and BRP (red) stained for the genotypes above. (B) Quantiﬁcation of
ﬂuorescence intensities of DVGLUT, Mito-GFP and UAS-Dliprin-αGFP in axons respectively. n¼9, po0.01. Error bars represent S.E.M.
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to the wild type controls (Fig. 5D and F). Also, similar increase was
found in the CK2βmbuΔA262L VNCs (data not shown), indicating that
the total level of BRP protein is increased in CK2α and β mutant
VNCs. To conﬁrm our ﬁndings we performed Western Blots from
the heads of the adult ﬂies expressing CK2αRNAi in the neurons and
the wild type control ﬂies because in our hands, BRP antibody failed
Fig. 4. ck2α does not genetically interact with SRPK79d. (A) Representative confocal images of transheterozygotes of ck2α mutant (ck2αMB) and wild type (CS) control, ck2
mutant and SRP kinase mutant (SRPK79datc), and SRP kinase mutant and wild type (CS) stained with anti-BRP (Red), anti-DVGLUT (green) and anti-HRP (blue) antibodies.
(B) Quantiﬁcation of BRP intensity of the genotypes in (A). (C) Quantiﬁcation of BRP Puncta intensity of the genotypes in (A). n410 and po0.01. Error bars represent S.E.M.
Fig. 5. BRP levels at CK2α mutant NMJ synapses and brain. (A) Representative images of muscle 4 NMJ for wild type control and CK2αMB larvae stained with anti-BRP (red)
and anti-HRP (blue) antibodies. Scale bar¼10 μm. (B) Quantiﬁcation of BRP intensity at NMJ from identical genotypes in (A). n¼10. (C) Quantiﬁcation of total number of BRP
puncta at the NMJ from identical genotypes as in (A). n¼10. (D) Representative images of VNC showing BRP levels in Ventral Nerve cord from the genotypes in (A) stained
with anti-BRP (red) and anti-HRP (blue) antibodies. Scale bar¼100 μm. (E) Quantiﬁcation of number of boutons at the NMJs on muscle 4. n¼10 from genotypes in (A).
(F) Quantitation of BRP intensity at the VNC from genotypes in (A). n¼5. **¼po0.01. Error bars represent S.E.M.
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to work on the blots of larval brain extracts, and CK2αMB mutants
die as late third instar larvae barring a few escapers that die as
pupae (see below). Consistent, with our immunocytochemical
results, we found a signiﬁcant increase in the BRP levels from the
heads of the ﬂies expressing CK2αRNAi as compared to the wild type
control ﬂies (Supplemental Fig. 3A and B). These data suggest that
increase in the levels of BRP in the heads of the CK2αmutants might
be due to either a problem in transporting BRP out of the neuronal
cell bodies or as a result of an increase in the levels of BRP protein.
However, since the levels of BRP are normal at the NMJs (Fig. 5A and
C), we favor the later possibility.
To test the above alternatives, we ﬁrst performed semi-
quantitative RT-PCRs from CK2αMB larvae to test whether the
increase in transcription of BRP was the reason for the increased
BRP levels in the VNCs. We found about 1.5-fold increase in the brp
transcripts from CK2αMB mutants as compared to the wild type
controls (Fig 6A and B), indicating that CK2α might regulate the
transcription of BRP. Next, we tested whether CK2α regulates the
transcription of other active zone proteins like Cacophony (Cac)
and Dliprin-α (Kaufmann et al., 2002; Kawasaki et al., 2000). We
found that the levels of both cac and dliprin-α transcripts were
increased 2 and 1.3 folds (n¼3, po0.05), respectively (Fig. 6A,
B, and D). This result made us wonder if the transcript levels of
other synaptic proteins that are not associated with active zone
were also increased. To address this, we measured the transcripts
of dvglut (an integral synaptic vesicle protein) (Daniels et al., 2004)
and fasII (a peri-active zone protein) (Appel, 1998) and found that
there were no signiﬁcant differences in the levels of either dvglut
(Fig. 6A and B) or fasII (Fig. 6D, n¼3; po0.05) transcripts between
the wild type controls and CK2αMB mutants. Furthermore, similar
trend was observed in CK2βmbuΔA262L mutants (n¼3, po0.01)
(Supplemental Fig. 4A). To conﬁrm, and to precisely quantify the
RT-PCR results we performed real-time RT-PCRs on the wild type
controls and CK2αMB larvae. We used RNA polymerase II 140 (rpII)
as an internal control. Consistent with the semi-quantitative RT-
PCR results, we found 2-fold increase in the brp transcripts in
CK2αMB larvae as compared to the wild type controls, whereas
there was no signiﬁcant difference in the levels of dvglut tran-
scripts or the rpII transcripts (Fig. 6C). Furthermore, there was also
a signiﬁcant increase in the cac transcripts in CK2αMB mutants
indicating that CK2α might regulate the transcription of other
active zone proteins. We could not analyze the data for dliprin-α
due to a high level of noise in the real time PCR. However,
the levels were increased signiﬁcantly in the semi-quantitative
RT-PCRs (Fig. 6D; n¼3, po0.05).
Next, we wondered whether CK2α was sufﬁcient in regulating
the transcription of BRP. To test this, we overexpressed CK2α in a
wild type background using pan neuronal Elav-Gal4 driver (Yao
and White, 1994). We observed a dramatic decrease in the
transcription of brp and cac in the larvae overexpressing CK2α as
compared to the wild type control (Supplemental Fig. 4B, n¼3;
po0.05). Consistent with this, we also saw a signiﬁcant decrease
in the BRP levels in the axons (Fig. 7A and D), NMJs (Fig. 7B and E),
and the VNCs (Fig. 7C and F) of the larvae overexpressing CK2α.
However, there was no change in the number of synaptic boutons
at the NMJs on muscle 4 of the ﬂies overexpressing CK2α (Fig. 7G).
These data indicate that CK2α might be both necessary and
sufﬁcient in regulating the transcript levels of at least brp and
cac. Similar results were obtained with larvae overexpressing
CK2β (data not shown).
Although these data are consistent with the notion that
increased BRP intensity in the axons and VNC in CK2α mutants
Fig. 6. ck2α mutants have increase in the transcription of brp. (A) Representative RT-PCR for brp, cac, and dvglut from wild type (WT) control and ck2α mutants (CK2αMB).
rp49 was used as a control. (B) Quantiﬁcation of normalized band intensities of brp, cac and dvglut with respect to rp49 levels. n¼3. (C) Real time PCR normalization to
measure relative fold change in the levels of brp, cac and dvglut transcripts. n¼6, *¼po0.05, **¼po0.01, ****¼po0.0001. Error bars represent S.E.M. (D) Representative
semi-quantitative RT-PCRs gels from genotypes in (A) showing changes in the transcripts from dliprinα but not fasII. n¼3 po0.05.
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is largely due to an increase in the transcription of BRP, it is
possible that axon transport might also play a role in these
processes. One way to test this possibility is to perform a
transheterozygous analysis (Henthorn et al., 2011; Weaver et al.,
2013) between the CK2αMB mutants and the kinesin heavy chain
mutants, Khc4. In transheterozygous condition with a wild type
(CS) control chromosome, neither Khc (Khc4/þ) nor CK2αMB
(CK2α/ have a phenotype (Fig. 8 (Weaver et al., 2013)). However,
a transheterozygous combination of Khc4 and CK2ααMB showed an
increase in the intensity of BRP in axons (Fig. 8A and B). These data
suggest that Ck2α may regulate the speciﬁc axonal transport of
BRP via Khc because the transport of synaptic vesicles (marked by
DVGLUT) (Daniels et al., 2004) is unchanged (Fig. 8A and C) in the
transheterozygous combination.
Loss of CK2α and β impairs adult locomotion
Although the levels of BRP are increased in the VNCs of CK2α
mutants, the distribution as well as the levels of the commonly
used markers (DVGLUT, Mito-GFP; Supplemental Fig. 5, n¼9),
Fig. 7. Decreased BRP levels in larvae overexpressing ck2α. Representative images of (A) segmental nerves [scale bar¼5 μm], (B) NMJ [scale bar¼10 μm], and (C) VNC [scale
bar¼100 μm ] of control larvae and larvae overexpressing ck2α (ck2αOE). Quantiﬁcation of BRP intensity in the axons (n¼6) (D), NMJs (n¼10) (E), and VNC (n¼4) (F) of the
genotypes in (A). (G) Quantiﬁcation of bouton numbers (n¼10) from the genotypes in (A). Error bars represent S.E.M. *¼po0.05.
Fig. 8. Ck2αmay regulate the speciﬁc transport of BRP via Khc. (A) Representative confocal images showing axons from the transheterozygotes of wild type (WT) control and
ck2α mutants (ck2αMB); kinesin heavy chain mutant (khc4) and ck2α mutant; and khc mutant and wild type stained with anti-BRP, anti-DVGLUT and anti-HRP antibodies.
Quantiﬁcation of BRP intensity (B) and DVGLUT intensity (C) from the genotypes in (A). n410 and po0.01. Error bars represent S.E.M.
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including BRP (Fig. 5A and B), appeared normal at the NMJ
synapses, suggesting that the function of NMJ synapses may not
be altered in CK2α mutants. However, the levels of BRP were
signiﬁcantly elevated in the VNCs (Fig. 5D and F), indicating that
the physiology of the central synapses might be affected. There-
fore, to determine the physiological consequences of the loss of
CK2α, we tested the locomotion of adult ﬂies expressing presy-
naptic CK2αRNAi using the climbing assay as previously described
(Appel, 1998) (see Materials and methods). We tested the male
ﬂies of different genotypes [(Dcr2; Elav-Gal44CK2αRNAi), (Dcr2;
Elav-Gal44CK2βRNAi), (Dcr2; G7-Gal44CK2αRNAi) and (Dcr2;
Elav-Gal4)] at 0–2 days and 7–9 days posteclosion. When the
control ﬂies are banged to the base of the vial, they quickly recover
and start to climb on the walls of the vial. However, when the ﬂies
expressing neuronal CK2αRNAi are banged down to the base of the
vial, they fall on their backs, and have difﬁculty in getting back up.
To quantify this phenotype, we measured the distance climbed by
the ﬂies expressing CK2αRNAi in the neurons and compared them
to the wild type control ﬂies. We found that the ﬂies expressing
CK2αRNAi presynaptically, climbed signiﬁcantly less distance as
compared to the wild type controls (Fig. 9A) or ﬂies expressing
CK2αRNAi in the muscles (Fig. 9B). Similar results were obtained for
CK2βRNAi (Fig. 9A). These results indicate that the neuronal loss of
CK2α, and β might affect the neuronal physiology.
Discussion
Here we describe a novel role for the Protein kinase, CK2α, in
the regulation of transcription of BRP and likely other proteins
associated with the active zone.
Transcription regulation of presynaptic proteins
Several studies indicate that synaptic plasticity can be regu-
lated presynaptically (Arancio et al., 2001; Castillo et al., 2002;
Duguid and Sjostrom, 2006; Harris and Cotman, 1986; McBain and
Kauer, 2009; Nicoll and Malenka, 1995). Consistent with these
studies, presynaptic genes including GAD65, SNAP25 synapsin I,
synapsin II, Rab3A, and Vglut2 are transcribed in an activity
dependent manner (Doyle et al., 2010; Morris et al., 1996; Pan,
2012; Petersohn et al., 1995; Thakker-Varia et al., 2001), although
this could be as a result of postsynaptic changes (Goda, 1994;
Klein, 2009; Tao and Poo, 2001). Interestingly, these proteins are
associated with the synaptic vesicles, suggesting that a change in
the probability of release of neurotransmitters is an important
event during synaptic plasticity. However, proteins that might play
a role in structural plasticity of a synapse, for example, active zone
proteins, which can also change release probability of a synapse,
are relatively unknown. Furthermore, the regulation of these
structural proteins, which often relies on an upstream signaling
cascade, is poorly understood. Based on our data we speculate that
CK2α might be one of the proteins that might function in the
presynaptic neurons to regulate the levels of at least some of the
active zone proteins. We observed that in a CK2α mutant, only the
transcripts of active zone proteins, including BRP, Dliprin-α and
Cac were changed, while the transcripts of other synaptic proteins
were unaffected. Hence, our ﬁndings support the idea that speciﬁc
mechanisms might exist that regulate the levels of active zone
proteins although it remains to be tested whether these changes
might be developmentally regulated or are activity driven.
Implications of regulation of BRP levels
Bruchpilot is an active zone protein known to be important for
synaptic plasticity (Kittel et al., 2006; Knapek et al., 2011). Also,
BRP is known to show activity dependent homeostatic changes
(Graf et al., 2009; Stowers et al., 2002). These studies underscore
the importance of structural active zone proteins in synaptic
plasticity and also demonstrate the structural plasticity associated
with the active zone apparatus. Indeed, recent studies suggest that
BRP levels oscillate in a circadian manner, and sleep deprivation
may increase its levels (Gilestro et al., 2009; Gorska-Andrzejak
et al., 2012), suggesting its clock dependent regulation. Further-
more, CK2 has been implicated in the regulation of circadian
rhythms (Akten et al., 2003; Lin et al., 2002). Taken together, these
data along with our study suggest an intriguing possibility that
CK2 might change the structure of the synapse by regulating the
transcription of the active zone proteins.
Fig. 9. Functional impairment in ﬂies with reduced ck2α or ck2β levels. Quantiﬁcation of the average distance climbed by the ﬂies expressing RNAi presynaptically against
ck2α and ck2β in the neurons compared to the controls at two different time points (A) and the RNAi expressed postsynaptically (B). Control (dcr2; elav Gal4), n¼20, **o0.01,
***¼po0.001, ****¼po0.0001. Error bars represent S.E.M.
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Possible role for CK2α in neurodegeneration
Several studies have shown that CK2α levels are reduced in
neurodegenerative disorders and enhanced CK2α activity has been
implicated in neuroprotection (Castillo et al., 2010; Fan et al.,
2008; Ishii et al., 2007; Lee et al., 2012; Takahashi et al., 2007).
However, the mechanisms by which CK2α functions to protect
neurons are relatively less well studied. Several Drosophila models
of neurodegenerative diseases use negative geotaxis as a measure
for motor deﬁcits in neurodegenerative disorders (Feany and
Bender, 2000; Iijima-Ando et al., 2009; Qurashi et al., 2012;
Tamura et al., 2011). We found that loss of CK2α and β function
in neurons leads to a severe reduction in negative geotaxis in ﬂies
(Fig. 7), suggesting that motor function in these mutants might be
compromised. However, various other factors like, neuromuscular
defects can also explain these deﬁcits. Given that the negative
geotaxis is affected in the CK2α mutants (this study), and that
CK2α plays a role in protecting the neurons (Fan et al., 2008; Kim
et al., 2009), it is tempting to speculate that CK2α might have a
role in neurodegeneration. However, without an in-depth study it
is hard to conclude that yet.
Role of CK2α in transcriptional regulation
How does CK2α regulate the transcription of active zone
proteins? One possibility is that CK2α may act as a transcription
factor and may bind directly to the promoters of the active zone
proteins to regulate their transcription. Such a regulation would
require a consensus binding site to be present in all the targets,
including brp, cac, and Dliprinα. However, we did not ﬁnd a
consensus sequence in the predicted promoters of these genes
(Trivedi D, and Sarkar PS, personal communication) that might
bind to CK2α. This suggests that Ck2α likely regulates the
transcription of these genes indirectly by (presumably) either
phosphorylating a transcription factor (Riman et al., 2012) or
activating a signaling cascade that leads to the activation of
transcription factor(s) (Coqueret et al., 1998; Lin and Hiscott,
1999) that can then regulate the transcription of downstream
genes. In either case, our data suggest that transcription of active
zone proteins such as BRP is regulated, and that these changes can
have some functional consequences. It would be interesting to
know under what circumstances might CK2α act to regulate
transcription. It is possible that CK2α is required to developmen-
tally establish the amount of BRP that needs to be transcribed.
Alternatively, activity might play a role in regulating its levels.
Materials and methods
Fly stocks
Flies were grown and maintained at 25 1C on Nutri-ﬂy standard
media (Genesee Scientiﬁc). Wild type control ﬂies were either
Canton S (CS), CS out crossed to w , elav-Gal4 (Yao and White,
1994), Repo-Gal4 (Sepp et al., 2001) or G7-Gal4 (Zhang et al.,
2001) based on the experiment. The following ﬂy lines were
obtained from the Bloomington Stock Center: CK2αMB, CK2αtik
(Lin et al., 2002), Ck2βmbuΔA262L (Jauch et al., 2006), UAS-
CK2βRNAi (P[TRiP.JF01195]attP2, P[TRiP.GL00303]attP2, P[TRiP.
HMS00058]attP2) (Jia et al., 2010) UAS-CK2αRNAi (Bose et al.,
2006), UAS-mito-GFP (Pilling et al., 2006), UAS-Dliprin-αGFP
(Fouquet et al., 2009), Srpk79Datc (Johnson et al., 2009), UAS-
CK2α, BG380-Gal4 (Budnik et al., 1996), and Khc4/SM6a (Saxton
et al., 1991). UAS-CK2β-ﬂag and CK2βRNAi were gifts from Jia et al.
(2010).
Immunohistochemistry
Larvae were dissected and stained as described previously
(Marrus et al., 2004; Wairkar et al., 2008). Following primary
antibodies were used: rabbit anti-DGluRIII (1:1000) (Marrus et al.,
2004; Natarajan et al., 2013), anti-BRP (1:250) (Wagh et al., 2006)
(obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by
the University of Iowa, Department of Biology, Iowa City, IA
52242), and rabbit anti-DVGLUT (1:10,000) (Daniels et al., 2004)
(generous gift from Aaron Diantonio, Washington University
Medical School). Dylight conjugated goat anti-HRP antibody
(1:1,000), Goat Cy3-, and Alexa 488 conjugated secondary anti-
bodies against mouse and rabbit IgG (1:1000) were obtained from
Jackson ImmunoResearch, West Grove, PA.
Imaging and analysis
All axonal imaging was done between segments A2–A4.
All NMJ imaging was done at muscle 4, segments A2–A5. Images
were acquired using Nikon C1 confocal mounted on Nikon Eclipse
E90i microscope. The images were acquired using the Nikon EZ-C1
software. The analysis was performed on confocal stacks, which
were obtained at a step size of 0.45 μm. Every experiment had its
own wild type control for that speciﬁc day to control for the
variation in staining. All the larvae that were compared in an
experiment were stained using the exact same aliquot of primary
antibodies and were performed in the same dish. A box of ﬁxed
dimensions was drawn on the axons using the Metamorph soft-
ware, and thresholded for HRP staining (whose intensity did not
change between the genotypes) so as to include the entire
contents of the axon within the limits of the box. The intensity
of red (BRP), green (DGluRIII) and blue (HRP) channels was then
obtained using the Metamorph software only for the thresholded
area. Comparisons were done only within the experiments per-
formed on the same day and on the same slide, which always had
a wild type control. All the experiments were repeated three times
with at least three larvae per genotype with n of at least 10 axons
per experiment. One-way ANOVAwas used to obtain the statistical
signiﬁcance within a group. All the analysis was performed on the
projections of the confocal stacks.
For the experiments (SRPK) that involved measuring puncta
density the following procedure was used: images were analyzed
using Metamorph Ofﬂine 7.7.0.0. Color channels were separated by
RGB and red channel was used for analysis. Images were thre-
sholded to exclude non-red puncta structures and background.
Threshold was clipped to create a 1-bit threshold mask and was
converted to a 1-bit binary image. Measurements were taken
using integrative morphometry analysis function to isolate puncta
of a speciﬁc size with ﬁlter threshold for set at 0–300 within a
constant sized boxed region of interest. Three readings were taken
from three axons from each of three separate images (from three
independent experiments), and for each experimental condition
we analyzed an n of 27 per genotype.
For NMJ measurements, HRP was used to set the color thresh-
old. Only the NMJ region (ROI) was used to measure the intensity
of the red, green and blue (HRP) channels. The intensity of HRP did
not vary signiﬁcantly within the same experimental group.
Western blot and analysis
Heads from adult ﬂies were dissected in ice-cold homogeniza-
tion buffer (67 mM Tris–HCl, pH 8.0, 67 mM NaCl, 2 M urea, 1 mM
EDTA, and 1.3% SDS) and stored immediately on dry ice. The
samples were run on 10% SDS-PAGE gels according to standard
procedures. Western blots were scanned using the Gel Logic Pro
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2200 gel documentation system. Image J was used to analyze the
intensity of bands on the western blots and RT-PCRs and the “Gel
analysis” function in the (Image J) program was used to quantify
the intensity of the bands. Experimental bands were normalized to
the control bands before calculating the statistical difference
between the genotypes. Student's T-test was used to compare
two samples, and one-way ANOVA followed by Tukey's tests was
performed to determine the statistical signiﬁcance within a group.
RT-PCR
RNA was extracted using Trizol (Ambion, Life Technology) from
wandering third instar larvae (six larvae per sample, each experi-
ment done in triplicates) according to the manufacturer's instruc-
tions. For semi-quantitative RT-PCR, 1 μg of pure RNA of each
genotype was reverse transcribed using Superscript III RT kit
(invitrogen) primed with oligodT. cDNA thus obtained was ampli-
ﬁed using the following primers:
brp fwd: 5′-CAAGCAGATCGACAACCAGG-3′
brp rev: 5′-CTTCAAGAAGCCAGCTGGTC-3′
cac fwd: 5′-AGACCATTAAGCGTGTACCG-3′
cac rev: 5′-CAGCGGCAACATTGTCGTAG-3′
dvglut fwd: 5′-CCTGGATATTGCTCCTCGTT-3′
dvglut rev: 5′-GTAGCTAATGGCAGTCGACT-3′
rp49 fwd: 5′-TGTCCTTCCAGCTTCAAGATGACC-3′
rp49 rev: 5′-CTTGGGCTTGCGCCATTTGTG-3′
fasII fwd: 5′-ACATCCTTCGAGATGACCCA-3′
fasII rev: 5′-GCACATCGTGGCCATGAC-3′
Dliprin-α fwd: 5′-ATCGAGGAGAAGCTGGAGCT-3′
Dliprin-α rev: 5′-ACAGGACATCAGAGTCATCG-3′
Quantitative RT-PCR
RNA from different genotypes was extracted as indicated above.
Quantity of RNA sample was determined and used to normalize
the RNA input for the quantitative RT-PCR reaction. Integrity of the
sample was assessed via the Agilent BioAnalyzer. Real-time PCR
for detection of the relative abundance of transcripts encoding the
genes of interest and housekeeping gene controls in different
genotypes was carried out using SYBR green chemistry (Applied
biosystems) and the ABI 7500 real time PCR system. The oligonu-
cleotide primers used for ampliﬁcation of the gene of interest were
identical to those used for semi-quantitative RT-PCR. RNA poly-
merase II 140 (RPII) (using the primers rpII fwd: 5′-CACACTGGAC-
GAAAGATTAATGCT-3′ and rpII-rev 5′-ATAGGCTGACGCACCAGGAT-
3′) was used as a control. First strand cDNA was synthesized from
the total RNA as described above. The cDNA was then PCR
ampliﬁed in triplicates for brp, cac, vglut and rpII. The Ct values,
as obtained from the ABI 7500—sequence detection software
during the real time PCR ampliﬁcation, represent the number of
PCR cycles at which the PCR product concentration reaches a
determined threshold (manually set at a signal intensity above the
background). The average of the Ct values from the triplicate
reactions were used to calculate relative expression values. The
relative expression was calculated using the ΔCt method (Livak
and Schmittgen, 2001). In this method, the Ct values are converted
into raw relative expression value (ΔCt) by representing the Ct
value in relation to the house keeping gene expression (rpII)
ΔCt¼ PCR efficiency ðCtgeneofinterest–CtcontrolÞ
ΔΔCt is then calculated for mutant in relation to the wild type
control as
ΔΔCtmut ¼ΔCtmutΔCtwildtype
The relative fold change is reported as 2ΔΔCt
mut
.
Climbing assay
Climbing assay was performed as previously described (Appel,
1998) with the following minor changes. Flies grown at 25 1C were
collected 0–2 days after eclosion. A single male was transferred to
empty media vial using CO2 anesthesia. It was then made to
recover for 5–10 min. The vial was then tapped on the bench top
to let the ﬂy fall to the base of the vial. The location of the ﬂy after
5 s was marked. The same process was repeated ﬁve times for each
ﬂy without rest. The distances of all the ﬁve marks from the base
were measured and averaged. 20 ﬂies were used per genotype.
These ﬂies were collected again in media vials and retested for
climbing at 7–9 days. More ﬂies were aged to 7–9 days to
compensate for ﬂy death during this period. Thus, the ﬂies tested
at the 7–9 days may not be the identical ones used for 0–2 days.
However, they were from the same vial that was used to collect
the 0–2 day males. The genotypes used for this study were: Dcr2;
Elav-Gal4/þ , Dcr2; CK2αRNAi; Elav-Gal4, Dcr2; CK2βRNAi; Elav-
Gal4/CK2βRNAi, Dcr2; CK2αRNAi; and G7-Gal4.
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